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1 Endogenous neuronal lipid mediator anandamide, which can be synthesized in the lung, is a
ligand of both cannabinoid (CB) and vanilloid receptors (VR). The tussigenic e�ect of anandamide
has not been studied. The current study was designed to test the direct tussigenic e�ect of
anandamide in conscious guinea-pigs, and its e�ect on VR1 receptor function in isolated primary
guinea-pig nodose ganglia neurons.

2 Anandamide (0.3 ± 3 mg´ml71), when given by aerosol, induced cough in conscious guinea-pigs in
a concentration dependent manner. When guinea-pigs were pretreated with capsazepine, a VR1
antagonist, the anandamide-induced cough was signi®cantly inhibited. Pretreatment with CB1 (SR
141716A) and CB2 (SR 144528) antagonists had no e�ect on anandamide-induced cough. These
results indicate that anandamide-induced cough is mediated through the activation of VR1
receptors.

3 Anandamide (10 ± 100 mM) increased intracellular Ca2+ concentration estimated by Fluo-4
¯uorescence change in isolated guinea-pig nodose ganglia cells. The anandamide-induced Ca2+

response was inhibited by two di�erent VR1 antagonists: capsazepine (1 mM) and iodo-
resiniferatoxin (I-RTX, 0.1 mM), indicating that anandamide-induced Ca2+ response was through
VR1 channel activation. In contrast, the CB1 (SR 141716A, 1 mM) and CB2 (SR 144528, 0.1 mM)
receptor antagonists had no e�ect on Ca2+ response to anandamide.

4 In conclusion, these results provide evidence that anandamide activates native vanilloid receptors
in isolated guinea-pig nodose ganglia cells and induces cough through activation of VR1 receptors.
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Introduction

Capsaicin-sensitive vanilloid receptor is expressed mainly in
sensory nerves including those emanating from dorsal root
ganglion (DRG) and a�erent ®bers that innervate the airway
wall emanating from the vagal ganglia. In vagal nodose

ganglion, 82% neurons express VR1 mRNA, which is higher
than in DRG cells (47%, Michael & Priestley, 1999). VR1
receptor has also been detected in guinea-pig and human

airways by receptor binding assay (Szallasi et al., 1995). VR1
is a cation channel with preference for Ca2+. Activation of
VR1 in sensory nerves by vanilloids such as capsaicin,

induces Ca2+ in¯ux, leading to release of neurotransmitters
from both peripheral and central endings, resulting in
neurogenic in¯ammation, bronchoconstriction, cough, and

nociception.
Cough is a major manifestation of respiratory diseases.

Vagal sensory nerves (i.e. a�erent ®bers) are involved in the
cough re¯ex. Inhaled VR1 agonist capsaicin, an active

ingredient of red pepper, induces cough in normal and
diseased human subjects (Higenbottam & Lowry, 1990;

Hathaway et al., 1993) as well as in animals such as guinea-
pigs (McLeod et al., 2001). However, potential primary
endogenous agonists of the VR1 receptors have not been
identi®ed. Furthermore, it is not known whether endogenously

occurring anandamide play a role in the cough re¯ex.
Anandamide, an endogenous neuronal lipid mediator, is

the ethanolamine amide of arachidomic acid ®rst isolated

from porcine brain (Devane et al., 1992). Anandamide is
synthesized in the nervous system (Di Marzo et al., 1994) as
well as in peripheral tissues including lungs (Calignano et al.,

2000). It has been reported recently that anandamide
activates human and rat VR1 receptors in VR1 transfected
cells and in rat dorsal root ganglia cells (Zygmunt et al.,

1999; Smart et al., 2000; Ralevic et al., 2001). Therefore,
anandamide may be a possible endogenous agonist of VR1
receptors. In the airways, anandamide has been reported to
induce airway smooth muscle contraction through the

activation of VR1 receptors (Tucker et al., 2001). However,
the tussigenic e�ect of anandamide has not been studied. As
anandamide is also a known ligand of cannabinoid receptors

(Felder et al., 1993), the tussigenic e�ect of anandamide may
be dependent on its relative ability to act on both CB1 and
VR1 receptors, and thus may not be predictive of the activity
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of other select VR1 agonists such as capsaicin. In the current
studies, we tested the direct tussigenic e�ect of anandamide in
conscious guinea-pigs. The present ®ndings show that

anandamide induces cough through the activation of VR1
receptors.

Methods

Cough measurement in conscious guinea-pigs

Cough in conscious guinea-pigs was measured as described
previously (McLeod et al., 2001). Brie¯y, fasted male Hartley

guinea-pigs were placed in a 12''614'' transparent chamber.
The animals were exposed to aerosolized anandamide (0.3 ±
3 mg´ml71) for 7 min, or capsaicin (0.3 mM) for 4 min

produced by a jet nebulizer. The number of coughs in
response to anandamide or capsaicin were detected by a
microphone placed in the chamber and veri®ed by a trained
observer. The signal from the microphone was relayed to a

polygraph, which provided a record of the number of coughs.
Either capsazepine or vehicle were given by aerosol for 4 min
prior to challenge with aerosolized anandamide. Anandamide

or vehicle were given by aerosol for 7 min prior to challenge
with aerosolized capsaicin.

Nodose ganglia cell isolation

Male Hartley guinea-pigs (400 ± 700 g, Charles River,

Bloomington, MA, U.S.A.) were euthanized with CO2.
Nodose ganglia were removed under aseptic conditions and
enzyme digested as previously described (Jia et al., 2002).
Brie¯y, individual ganglia were collected, washed in Hank's

Balanced Salt Solution (HBSS) and then transferred to
HBSS containing collagenase (type IA, 1 mg´ml71) for
45 min at 378C in a water bath. The enzyme solution

was aspirated from the tissues, after which they were rinsed
with HBSS and then incubated in HBSS contgaining
DNAse IV (0.1 mg´ml71) for 15 min at 378C in a water

bath. Tissues were washed with HBSS and subjected to
gentle trituration using a Pasteur pipette. The resulting cell
suspension was ®ltered though a sterile nylon mesh (Becton
Dickinson Labware, MA, U.S.A.), plated into poly-lysine

coated black walled clear-based 96-well plates (*10,000
cells/well, Becton Dickinson Labware, MA, U.S.A.). Cells
were incubated for 3 h at 378C prior to the intracellular

Ca2+ measurements.

Measurements of intracellular Ca2+ concentration using
fluorometric imaging plate reader (FLIPR)

Intracellular Ca2+ (Ca2+]i ) in nodose ganglia cells was

measured using FLIPR (Molecular Devices Corp., CA,
U.S.A.) technique (Jia et al., 2002). Brie¯y, cells were
incubated with a calcium sensitive ¯uorescence dye, Fluo-4-
AM (5 mg ml71, Molecular Probes, OR, U.S.A.), in HBSS

containing 0.4% bovine serum albumin (BSA) for 45 min at
378C. The dye-loading solution was removed and the cells
were washed three times with HBSS containing 0.4% BSA.

The cells were pre-incubated with various antagonists and the
plates were then placed into a FLIPR. Fluorescence change
due to the change of [Ca2+]i was measured by FLIPR.

Anandamide responses were elicited by direct additions to an
individual culture well during real-time recording (10 s after
commencing recording).

Data analysis

All results are expressed as means+standard error of the

mean (s.e.mean). An analysis of variance was performed on
the di�erent treatment groups to determine signi®cant
e�ects of the treatments. Post-hoc analysis between the

di�erent groups was performed with a Dunnett's t-test. A
value of P50.05 was accepted as the level of statistical
signi®cance.

Materials

Capsaicin, capsazepine, DNAse IV, collagenase (type IA),
were purchased from Sigma Chemical Co. (St. Louis, MO,
U.S.A.), Anandamide and iodo-resiniferatoxin (I-RTX) from
Tocris (Avonmouth, Bristol, U.K.). HU210 was purchased

from Cayman Chemical (Ann Arbor, MI, U.S.A.) HBSS was
obtained from Gibco (NY, U.S.A.). Indomethacin, SR
144528 and SR 141716A were synthesized by Schering-

Plough Corp. (Kenilworth, NJ, U.S.A.).

Results

Anandamide induces cough in conscious guinea-pigs

E�ect of anandamide on cough was tested in conscious
guinea-pigs. Anandamide (0.3 ± 3 mg´ml71), when given by
aerosol, induces cough in a concentration-dependent manner

(Figure 1A). The number of coughs induced by anandamide
(3 mg´ml71) is signi®cantly higher than that in the vehicle
inhaled group (Figure 1A, P50.05). When guinea-pigs were

pretreated with capsazepine (0.3 mM, aerosol for 4 min), a
VR1 antagonist, anandamide-induced cough was signi®cantly
inhibited. In contrast, the CB1/CB2 receptor antagonists, SR

141716A (0.5 mg´kg71, i.v.) and SR 144528 (0.3 mg´kg71,
i.v.), had no e�ect on anandamide-induced cough (Figure
1A), thereby excluding the involvement of CB receptors in
anandamide-induced cough in guinea-pigs. We also tested the

e�ect of anandamide on capsaicin-induced cough. Guinea-
pigs were exposed to aerosolized anandamide (3 mg´ml71) or
vehicle for 7 min. The number of coughs induced by

aerosolized capsaicin (0.3 mM) was recorded for 4 min after
the anandamide treatment. Anandamide had no e�ect on
capsaicin-induced cough (Figure 1B).

Anandamide activates VR1 receptors in isolated primary
guinea-pig nodose ganglia cells

VR1 function on isolated guinea-pig nodose ganglia cells was
evaluated by measuring intracellular Ca2+ concentration
determined by Fluo-4 ¯uorescence change. Anandamide

(3 ± 100 mM) increased [Ca2+]i in nodose ganglia cells in a
concentration-dependent manner as shown in Figure 2. The
anandamide-induced Ca2+ response was inhibited when cells

were pretreated with two di�erent VR1 antagonists capsaze-
pine (10 mM) or iodo-resiniferatoxin (0.1 mM, Wahl et al.,
2001, Figure 2). Capsazepine and iodo-resiniferatoxin alone
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had no e�ect on intracellular Ca2+ level (data not shown).

Capsazepine inhibited the anandamide-induced Ca2+ re-
sponse by about 70%, while the CB1 receptor antagonist
SR 141716A (1 mM) and CB2 receptor antagonist SR 144528

(0.1 mM) had no e�ect on anandamide-induced Ca2+ response
(Figure 3B). In addition, HU 210 (1 mM) alone, a CB1/CB2
agonist, did not a�ect intracellular Ca2+ level in nodose
ganglia cells (Figure 3A). These results exclude the involve-

ment of CB1 and CB2 receptors in the anandamide-induced
Ca2+ response and suggest that anandamide-induced Ca2+-
response is mediated through VR1 channels.

Discussion

Capsaicin induces cough in many species including human
(Doherty et al., 2000) and guinea-pigs (Bolser et al., 1991;

McLeod et al., 2001), suggesting the involvement of VR1
receptors in the cough re¯ex arc. However, endogenous

agonists for the receptor have not been elucidated.
Anandamide, an endogenous lipid ligand known to occur in
the lung (Calignano et al., 2000), has been identi®ed as a

potential endogenous agonist for both CB1 (Felder et al.,
1993) and VR1 receptors (Zygmunt et al., 1999; Smart et al.,
2000; Ralevic et al., 2001). It has been reported that both
VR1 and CB1 may be involved in the regulation of

experimental cough. In guinea-pigs, capsaicin-induced cough
is likely mediated through VR1 activation (Bolser et al., 1991;
McLeod et al., 2001). Calignano's study shows that capsaicin-

induced cough is inhibited through CB1 receptors (Calignano
et al., 2000). The direct tussigenic e�ect of anandamide has
not been tested before. In the current study, we found that

aerosolized anandamide induced cough in a concentration
dependent manner in conscious guinea-pigs. To elucidate the
mechanism of tussigenic e�ect of anandamide, we tested the

e�ect of enandamide on guinea-pigs pretreated with VR1 or
CB1 receptor antagonists. Capsazepine, a selective VR1
antagonist, signi®cantly inhibited anandamide-induced cough,
indicating the involvement of VR1 receptors. To exclude the

involvement of CB receptors in anandamide-induced cough,
we tested the e�ect of SR 141716A, a CB1 antagonist, and
SR 144528, a CB2 antagonist, on anandamide-induced

cough. The dose of SR 141716A (0.5 mg´kg71 i.v.) and SR
144528 (0.3 mg´kg71 i.v.) used in this study has been shown
to inhibit CB receptors e�ectively in guinea-pig airways

(Calignano et al., 2000). SR 141716A and SR 144528 had no
e�ect on anandamide-induced cough, excluding the involve-
ment of CB receptors. Taken together, these ®ndings indicate

that the tussigenic e�ect of anandamide is mediated
exclusively through the activation of VR1 receptors.
Calignano et al. (2000) reported that pretreatment of

guinea-pigs by inhaled anandamide (10 mg´ml71, pretreat-

ment by aerosol for 15 min) inhibited capsaicin-induced
cough through CB1 receptors. In our studies, anandamide-
induced cough was not increased by inhibition of CB

receptors, suggesting that CB receptors are not activated by
anandamide in our experimental conditions. The concentra-
tion of anandamide and treatment time was di�erent between

Calignano's group and our group. We used 0.3 ± 3 mg´ml71

anandamide and recorded cough during the exposure period
(0 ± 7 min) while Calignano's group used 10 mg´kg71 ananda-
mide and pretreated the animals for 15 min before recording

cough. Calignano's study treated the animals with a higher
concentration of anandamide and for a longer time. It is less
likely that the higher concentration of anandamide accounts

for the activation of airway CB1 receptors because the
concentration to activate CB1 receptors is much lower than
the concentration required for activation of VR1 receptors.

On the other hand, the di�erent treatment time may explain
the observed di�erences. To experimentally address this issue,
we tested the e�ect of anandamide (7 min aerosol) on

capsaicin-induced cough. We found that 7 min treatment
with anandamide did not inhibit capsaicin-induced cough
(Figure 1B). Given Calignano's ®ndings that 15 min treat-
ment by anandamide activates CB1 receptors in the airways

and inhibits capsaicin-induced cough, the duration of
anandamide treatment may be important for the activation
of CB1 receptors in the airways. In addition, the size of

aerosol particles generated in di�erent labs may vary and
thus the extent of drug deposition at di�erent depths of the
airway may also be signi®cantly di�erent. CB1 receptors are

Figure 1 (A) Tussigenic e�ect of anandamide in conscious guinea
pig. Anandamide or vehicle were given by aerosol for seven minutes.
Capsazepine (0.3 mM) was given by aerosol for 4 min before the
application of anandamide. SR 141716A (SR1, 0.5 mg´kg71) and SR
144528 (SR2, 0.3 mg´kg71) was given by i.v. (B) E�ect of
anandamide on capsaicin-induced cough. Guinea-pigs were aero-
solized with anandamide (3 mg´kg71) for 7 min. Cough number was
recorded in response to capsaicin (0.3 mM, aerosol for 4 min). The
results are means+s.e.mean. *P50.005, compared with vehicle
control group. **P50.05, compared with anandamide (3 mg´kg71)
group in the absence of capsazepine.

British Journal of Pharmacology vol 137 (6)

Anandamide induces cough in guinea pigsY. Jia et al 833



detected on 63% of sympathetic nerves (Calignano et al.,

2000) which display a di�erential distribution of innervation
in the upper airway and lower airway (reviewed by Barnes,
1990). This may also contribute to the di�erential e�ect of

aerosolized anandamide on CB1 receptors observed in
di�erent labs.
It seems that anandamide has bidirectional e�ects on

cough. Inhaled anandamide acutely induces cough by
activation of VR1 and inhibits cough through CB1 receptors
when airways are pretreated with the ligand for a longer time
in experimental conditions. Whether endogenously synthe-

sized anandamide acts as a VR1 or CB1 receptor agonist may
be determined by the physiological and pathophysiological
conditions. For example, PKC mediated phosphorylation of

VR1 leads to a strong (10 ± 15 fold) enhancement of
anandamide action on VR-gated currents (Primkumar &
Ahern, 2000; Vellani et al., 2001). On the contrary, CB1

activity is down regulated by PKC phosphorylation (Garcia
et al., 1998). PKA phosphorylation also lowers by approxi-
mately 5 fold the concentration of anandamide necessary for

the activation of VR1 (De Petrocellis et al., 2001).
Furthermore, VR1 activation can also be potentiated by
acidic environment (McLatchie & Bevan 2001) which is
present in airway in¯ammatory diseases such as asthma

(Hunt et al., 2000). Under these conditions, anandamide may
favor the stimulation of VR1 and induce cough. Further-
more, the e�ect of anandamide on VR1 or CB1 may also

depend on the distribution of the receptors. VR1 is known to
be expressed mainly on sensory nerves while CB1 receptor is
detected on sympathetic nerves (Calignano et al., 2000).

Therefore, the endogenous synthesized anandamide may
activate di�erent receptors when synthesized in di�erent cells.

Airway a�erent ®bers emanating from the vagal nodose

ganglia are believed to be involved in the cough re¯ex. In the
current study, we tested the direct e�ect of anandamide on
VR1 channel function in isolated primary guinea-pig nodose

ganglia neurons. VR1 is a cation channel with preference for
Ca2+. VR1 channel function was tested by measuring
intracellular Ca2+ level using FLIPR technique. We found

that anandamide increased intracellular Ca2+ level in guinea-
pig nodose ganglia cells. Anandamide-induced Ca2+ response
was inhibited by two di�erent VR1 antagonists indicating
that the Ca2+ in¯ux was through VR1 channel. CB1 or CB2

receptors were not involved in anandamide-induced Ca2+

response because CB1/CB2 antagonists had no e�ect on the
response. In addition, HU210, a known CB1/CB2 receptor

agonist, had no e�ect on intracellular Ca2+ concentration
when added to the cells alone. This observation suggests that
anandamide activates native VR1 receptors in guinea-pig

nodose ganglia cells. This is consistent with the ®nding that
anandamide activates human and rat VR1 receptors in
transfected cells and in rat DRG cells (Zygmunt et al.,

1999; Smart et al., 2000; Ralevic et al., 2001) and that
anandamide activates rat pulmonary vagal c-®ber through the
activation of VR1 but not CB1 receptors (Lin & Lee, 2002).
This ®nding and the ®nding by Lin & Lee (2002) provide a

mechanism for the current observation that anandamide
induces cough and the previous observation that anandamide
induces airway contraction (Tucker et al., 2001) in guinea-

pigs.
Anandamide is an endogenous neuronal messenger formed

through phosphodiesterase-mediated cleavage of a phospho-

lipid precursor in central neurons (Di Marzo et al., 1994).
Recent studies indicate that anandamide can also be

Figure 2 E�ect of anandamide on intracellular Ca2+ in isolated guinea pig nodose ganglia cells. [Ca2+]i was determined by Flou-4
¯uorescence change and measured using FLIPR. The ®gure shows representative traces of the Ca2+ response to anandamide (AEA)
in nodose ganglia cells, in the absence and presence of iodo-resiniferatoxin (I-RTX) and capsazepine. Cells were pretreated with
capsazepine (10 mM) or I-RTX (0.1 mM) for 10 min. Anandamide was added 10 s after commencing recording in all the experiments.
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synthesized in lung tissue as a result of Ca2+ stimulation
(Calignano et al., 2000), suggesting that locally generated

anandamide may be involved in the intrinsic control of

respiratory functions in normal and/or diseased lung. In the
current studies, anandamide activates VR1 receptors in
nodose ganglia cells and induces cough in conscious guinea-

pigs through VR1 receptors, consistent with this hypothesis.
In fact, the respiratory response to VR1 activation is
enhanced in some disease conditions, and it has been
reported that the cough response to capsaicin is increased

in pulmonary diseases such as asthma and chronic
obstructive pulmonary disease (Doherty et al., 2000). In
addition, neuropeptides in nodose ganglia cells are upregu-

lated in animal models of allergic airway in¯ammation
(Fischer et al., 1996) and respiratory viral infection (Carr et
al., 2002). In the current studies, the high concentrations of

anandamide (3 ± 100 mM) are required to activate VR1
receptors in nodose ganglia cells. This potentially argues
against anandamide being a primary endogenous VR1

agonist. The apparent low potency of anandamide however,
may be due to poor distribution into cells. Anandamide has
been shown, using displacement and binding studies, to bind
to the same site on VR1 as capsaicin (Ross et al., 2001),

which is in the intracellular region of cell membrane (Jung et
al., 1999). Presently, anandamide was applied to the
extracellular side of the cell. The actual anandamide

concentration inside the cell may be lower because membrane
permeability of anandamide is low and is limited by an
endocannabinoid transport system (De Petrocellis et al.,

2001). This may account for the weak potency on VR1
activation in nodose ganglia cells and tussigenic e�ect in
guinea-pigs in the present studies. It is known that

endogenous anandamide is synthesized inside the cell, 80%
of which remains in the cells (Di Marzo et al., 1994). Thus it
is possible that a lower concentration of anandamide is
required for the activation of VR1 when made available from

an intracellular source.
In summary, anandamide is an agonist of native VR1

receptors on guinea-pig nodose ganglia cells and induces

cough through the activation of VR1. If endogenous
anandamide (or other endogenous mediators) activates VR1
in the airway, and thus plays a role in airway physiology and

in¯ammatory lung diseases (e.g. cough, asthma and chronic
obstructive pulmonary disease), VR1 inhibition may repre-
sent a potential treatment of these diseases.
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